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lo0 INTRODUC'J'ION : 

The complexity of the behavior of moving 
liquids -0- even in eerb-g --- tends to make 
analytical solution8 very tedioue or even to 
rule them out entirely, The size of the Centaur 
tank makes zero-g full scale teets inpoesible 
before the vahicle is ready for use and very 
erpensive afterrarde, The well known approach 
to a problem like this is the uae of scaled 
doun- models, The model, the conditions under 
whioh the tests are executed, and the transforma- 
tion of the result6 from model size to full size 
are governed by appropriate scaling laws or 
similitude req~ireaent8~ This is obviourrly of 
great intrreet End can $ive much design informa- 
tion in a relatively inexpensive way, 

In the epring of 1961 w e  were planning an 
airplane zero-g experimental investigation of 
liquid behavior. This leesled like an excellent 
oppoktunity for saving aome money and trouble, 
a0d we started to do theoretical work on scaling 
principles. The result8 were BO promising that 
further airplane teste on liquid behavior were 
obviated, * 

The tirrt developments of the scaling prin- 
ciples are outlined in Appendix A,  which is a 
full coqy of Memo 562-1-550, dated 4-25-61, We 
have since verified and corroborated those laws 
and Used them for various purposes in the Centaur 
program ., 
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We found (Appendix A )  the following exyreerione 
for,the oscillatory uotion of a fluid 

, and 

where : 
T = period of oscillation 

7 -  time required for the amplitude of 
the  oacillation to dampen to Q 
certain fractios of ita original 
value 

D I characteristic dimenoion (e.go 
diameter) 

,o = density of the liquid 

/y viscosity of the liquid 

surface tension of the liquid 

CI, C2 I dimeneionlees constant8 dopending on the  
nature of the oscillating eystea 

These expressions were corroborated in several 
way8 (in addition to the analytical deduction by 
Sir Horace Lamb)p- 
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2d0 . CWOBOBAfION: (Cant) - -  . . -  

2,a Ekpe)rilente wi th  LiquidJLiquid Nodele: (Cont)  

* * h e ' t e C t  r e s u l t s  aatched the t heo ry  t o  w i t h i n  
m e  pef.cobt, which was the accuracy  l i m i t  of tho 
test IW thod o 

Figure  No, 1 show8 t h e  r e s u l t e  uoing r a t e r  
g lobu les  Ln a Mixture o$ Freon TF and Stoddard 
aolwent ,  and kerosene g lobu le8  in a mixture  of 
F t d r  end mothy1 a l c d h o i ,  

*he curved l i n e ,  marked 35th,  shows the i n -  
f luance  o f  c o n f i n i n g r a l l m  ( i n  t h i e  came a 1/35 
scale Centaur l i q u i d  hydrogen t a n k )  on t h e  
o m i l l a t i o n  tires, The percentage6  i n d i c a t e  % 
uk l rge  in t h e  tank, 
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APPFmIX. I :  Revised: 4/25/61_ 
Retyped : 5/7/62 

TO : I ' E q  W e  Schwartz/Jo E l i t a l d e ,  Dept. 595-1 
I 

FROM : Ge Bo Wood, Ikpto 562-1 

SUBJECT: , Liquid  oscillation^ and Damping 
I 

INTRODUCTIO~ : 
1 

During t h e  C e n t a u r  Zero-G f l i g h t s  i n  a KC-135 a i r p l a n e  e a r l y  i n  
1961 it w a s  observed t h a t  LNZ o f t e n  escaped from a co ld  t r a p  on 

and they  o s b i l l a t e d  very  r a p i d l y  hnd s t a b i l i a a d  qu ick ly  t o  per-  
f e c t  ophereh ds t hey  f l o a t e d  around i n  t h e  cabin .  

s t o r a g e  dewar, Host of t h e  t i m e  t h e  drop6 t h a t  formed 
y a d e t  would h i t  t h e  c e i l l n g  and s p l i t  up)  were amall, 

Onae i n  awhile  a b igger  drop  would form by chance wi thout  h i t t i n g  
t h e  c e i l i n g  and aoufd be observed i n  f r e e  f l o a t i n g  cond i t ion  
aomlerhnf beht-ar*- I$ would have e r a p i d l y  f l u c t u a t i n s  wrinkly 
appearance bt f i r s t  bu t  would eoon smooth ou t  eome and o a c i l l a t e  
i n  a more rimcfular w ~ y ,  

I t  w a s  e @ t i b t i e d  on one occasion t h a t  a drop  of approximately 
one inch  d i p a a t e r  -de a complete o s c i l l a t i o n  i n  t h e  baoic  mode 
i n  roughly one second. 

, L  

t i  

ONE SECOND i 
c -  i 
I 
i 

t- - 
f !  
r 

0 
Sphere l B l l i p s o i d  Sphere E l l i p e o i d  Sphore 

I t  waa thought t h a t  thoso  obse rva t ions  could  be used  f o r  a s t a b l i 8 h -  
B e n t  of &pproiimiAte scmling laws f o r  l i q u i d  hhrriwo 
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APPENDIX I: ,  (Cont) 

Analyeis: (cant) 

bit of librclry re6earcb uncovered corroboration for the disen- 
gional analymh in Sir Harace Lamb's "Hydrodynamics" 0-- first 
publiahcd in 1879, Sectione 275 and 355 of that work preoent 
analylee of and equationat for the motion of oscillating fluid 
globule& The relations a r e  showp belowo 

Where, in addition to the previouely defined variables, m = 
the harmonic order of the oecillation, (q I 2 for the sirple8t 
vibratory mode) 

I 

p~ I 
p5 = den6ity of fluid surrounding the 

density of fluid in the ~plobulo 

globule 

I 

6 I ourlace teomion of the globule/surround 
interface, 

Alao, for a globule (eurrounded by a fluid of negligiblepand/Lc 

And, for a bubbl* (filled with a fluid of negligible/ a n d p  ) 

, I  

Where 7" ib now elevated to the @tatus of Woduluo of Decay"* which 
is the thme i@ which the amplitude of oscillation minks to of 
its original Malueo 
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~PPENBIX.  I: (Cont) 

Analy~ia: (cant) 1 

lor M I 2 t4e ibolre equation& rtadily reduce to: 

1 

1 

and 8 .  
I 

- - -  .... ~. . . 

for a globule 

CONCLUSION: 

tor a bubble 

The simple vibrating symt8rs d8scribed by the above equation8 
bear little direat relption to tho complex ehapee and surfaces 
which are usually meen in zero gr@vity, or to tho60 which will 
probably exist in the Centaur fue l  tanko 
however, hawe the feature in colaon with the complex one. that 
their reepobos to a dieturbsrnce ib controlled b g p  /c< and 
b Thm analytical cxpresriogo corroboratep for the aimple 
myatem, the dimeamional analysie which should a160 apply to the 
complex syete76; tho one data point lie. remarkably close to 
the proper tN line, and it appeah therefore that the dieen- 
sional mealin3 laws preaeated here a r e  very nearly the truth, 

The aimple system do, 

Certain liquid data'im 8hgWn in Table "A", and equation. ( 6 )  
and ( 7 )  @re graphed in Figure 2, 
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